We revise the empirical relations for acceleration response spectra and average and variance of group delay time of long-period ground motions. The M W 2 term is added in the revised relation for response spectra. In addition the differences between the Pacific plate earthquakes and the Philippine Sea plate earthquakes are considered into their attenuation and the site coefficients. We set the three-connected source model composed of three outer-faults based on strong motion generation areas of the Tohoku earthquake. Finally we show that the long-period strong motions of the Tohoku earthquake are reasonably simulated well using the revised attenuation relations and the three-connected source model.
INTRODUCTION
The 2011 M W 9.0 off the Pacific coast of Tohoku earthquake struck wide regions in Japan. Even in the Tokyo metropolitan area with the hypocentral distance of about 400 km, super high-rise buildings were vibrated by long-period ground motions and the non-structural elements were damaged (Hisada et al. 2012 ). Since it is feared that mega-thrust-earthquakes along the Nankai Trough will occur in the near future, the long-period ground motion simulations of the 2011 Tohoku earthquake are an important step to develop the design input motions for the super high-rise buildings.
Before the Tohoku earthquake we proposed a time-history prediction method of long-period ground motions, which consisted of ground-motion prediction equations of acceleration response spectra and Fourier phase spectra, and applied to several mega-thrust-earthquakes with M W 8 class Okawa et al. 2010a Okawa et al. , 2010b . Just after the Tohoku earthquake we tried to apply this method to this earthquake (Satoh et al. 2011a (Satoh et al. , 2011b . As a result this method overestimates the ground motions at periods longer than 5 s, especially in the Kanto basin including Tokyo metropolitan area. We pointed out three causes of the overestimations. The first cause was that the M W 2 term was not considered because M W 9 earthquake had not been our targets. The second cause was that the differences of arrival directions and regions were not considered. In the Kanto basin, the effects of arrival directions, apparent incident angles on response spectra and durations had been pointed out (e.g., Masui and Midorikawa 2007; Ishii 2012 ). Zama (2006) calculated site factors depending on source regions for the long-period design spectra for oil storage tanks. The third cause was that the source model we used for the first trial was estimated from far-filed body waves in the period longer than 10 s (Japan Meteorological Agency 2011b). However, it was pointed out that the generation areas of ground motions at periods longer than 10 s and shorter than 10 s were different (e.g., Koper et al. 2011) .
In this study we revise the ground-motion prediction equations by Satoh et al. (2010a) by considering these three causes. We consider both M W and M W 2 terms (e.g., Joyner and Boore 1981) . The different path coefficients for the Pacific plate earthquakes and the Philippine Sea plate earthquakes are incorporated. In addition, at stations with long natural periods of sediments in the Kanto basin, the different site coefficients are incorporated for the two different plates. Although there were several long-period ground-motion prediction equations for the response spectra in Japan (e.g., Kataoka et al. 2008) , different path and site coefficients for the two different plate were not incorporated into them. The three-connected source model is constructed from strong motion generation areas estimated by Satoh (2012) and the strong motion recipe (Irikura 2004 ; The Headquarters for Earthquake Research Promotion 2009). Since the revised ground-motion prediction equations are developed using data of earthquakes with M W ≦ 8.2, M W saturation is estimated by simulating long-period ground motions of the M W 9 Tohoku earthquake in this study. We also validate the revised ground-motion prediction equations by simulating the foreshock and the largest aftershock of the Tohoku earthquake.
Site coefficients at the ground surface by Satoh et al. (2010a) were revised by Satoh et al. (2010b) whose digital values together with the other regression coefficients were open in public by Okawa et al. (2010b) . Digital values of site coefficients on the engineering bedrock were open in public by Ministry of Land, Infrastructure, Transport and Tourism (2010). We call ground-motion prediction equations by Satoh et al. (2010a Satoh et al. ( , 2010b as previous equations hereafter.
DATA
We use strong motion records of 52 subduction-zone earthquakes in Japan from 1996 to May 2011. In this study 19 earthquakes listed in Table 1 are added to data used for the previous equations. The locations of the epicenters of 52 earthquakes are shown in Figure 1 . The records of the 2011 Tohoku earthquake are used only for the estimation of the M W saturation because the regression coefficients would be sensitive to the assumption of the fault models of the Tohoku earthquake. We use K-NET, KiK-net, JMA-87 type stations in all Japan, JMA-95 type stations in the Kanto, Nobi, and Osaka basins and a station at Kogakuin University in Tokyo. The added data are selected under the conditions from 1) to 7) in the same way by Satoh et al. (2010a) . 1) JMA magnitude M J ≧ 6.5, Focal depth ≦ 60 km, Hypocentral distance ≦ 400 km 2) Stations where PGAs predicted from the equation by Fukushima and Tanaka (1992) are larger than 2 cm/s 2 3) Records without missing initial S waves and reliable in the period range from 0.1 to 10 s
The locations of stations are shown in Figure 2 . The relation between the fault distance and M W is shown in Figure 3 . The minimum value of the fault distances is 20 km. The maximum M W is 8.2 of the 1994 Hokkaido Toho-oki earthquake and the 2003 Tokachi-oki earthquake.
We cut P wave windows from records at the ground surface and use the geometric mean of two horizontal components for the response spectra and arithmetical means of two horizontal components for the average and the variance of group delay time, which is a differential of Fourier phase spectrum (Izumi and Katsukura 1983) . The average and the variance of group delay time for the bandwidth of 0.049Hz are calculated from records after matching the same sampling rate of 0.01 s and the same duration of 1310.72 s by suppressing zero to records in the time domain. Table 1 Earthquakes added in this study to Satoh et al. (2010a) 
METHOD OF DEVELOPMENT OF REVISED EQUATIONS

Revised equations for acceleration response spectra
Absolute acceleration response spectrum with a damping factor of 5 % S A (T) is modeled as Eq. (1) 
The natural period T is defined at 55 points at periods between 0.1 and 10 s. The a 1 , a 2 , be, bw, d, p, c 0 , c j , and cw j are regression coefficients. The be and bw are attenuation coefficients for the Pacific plate earthquakes and the Philippine Sea plate earthquakes, respectively. The c j and cw j are site coefficients at j station. Both c j and cw j are re-estimated as the average of site coefficients by this study and by Satoh et al. (2010a) for crustal earthquakes weighting by numbers of earthquakes, because the number of data of the Philippine Sea plate earthquakes is small at some stations especially in the Kanto basin. We call 10 c , 10
cw at periods longer than 1 s as amplification factors because c 0 is the site coefficient at a station FKSH19 (Miyakoji) where ground motions at periods longer than 1 s are regarded as those on the seismic bedrock. The cw j is used for the Philippine Sea plate earthquakes at the stations with Tz3.2 of longer than 1 s in the Kanto basin and otherwise the c j is used. Here Tz3.2 is a one-fourth of the natural period of sediments. In other words Tz3.2 is equal to propagation time from the seismic bedrock with an S wave velocity of 3.2 km/s to the engineering bedrock based on three dimensional structure estimated by The Headquarters for Earthquake Research Promotion (2009). Two-step regression analysis (e.g., Joyner and Boore 1981) is used. At the first step be and bw are obtained from the data of the Pacific plate earthquakes and the Philippine Sea plate earthquakes, respectively. At the second step the other coefficients are obtained from the data of all earthquakes. The c j and cw j are also obtained at the second step. The coefficients d is changed from 0.0 to 0.02 at an interval of 0.001 and the optimal value is selected to minimize the standard error of Eq.(1). In the same way the coefficient p is estimated by changing from 0.1 to 1.0 at an interval of 0.1.
Revised equations for average and variance of group delay time
In order to generate time history of long-period ground motions, the equations of Fourier phase spectrum are developed using the group delay time, which is the differential of phase spectrum. The average of the group delay time  tgr (f) with a frequency band means the centroid of the time history and the variance of the group delay time  tgr 2 (f) means the duration of the time history (Izumi and Katsukura 1983) . The phase spectra can be generated from  tgr (f) and  tgr 2 (f) assuming a normal distribution at each frequency band of 0.049Hz. When  tgr (f) and  tgr 2 (f) are replaced as Z(f) at the center frequency f, Z(f) is modeled as Eq. (2) using M 0 and hypocentral distance X [km].
The A tgr , Be, Bw, C j , and Cw j are regression coefficients. We call C j and Cw j as site factors. The meanings of Be, Bw, C j , and Cw j are the same as be, bw, c j , and cw j in Eq.
(1) for response spectra. Two-step regression analysis (e.g., Joyner and Boore 1981) is used. At the first step Be and Bw are obtained from the data of the Pacific plate earthquakes and the Philippine Sea plate earthquakes, respectively using the non-negative least square method (Lawson and Hanson 1974) . At the second step the other coefficients are obtained from the data of all earthquakes.
RESULTS OF REVISED EQUATIONS
Revised equations for acceleration response spectra
The regression coefficients for the response spectra S A are shown in Figure 4 . The standard error of Eq. (1) is shown as e in this figure.
The coefficients be and bw are related to anelastic attenuation. It is found from be and bw that the attenuation for the Philippine Sea plate earthquakes is larger than that for the Pacific plate earthquake at periods shorter than 5 s. The coefficient d means the distance saturation of spectra in near fault regions. The spectra at periods longer than 5 s saturate but the saturated distance is shorter than that for the previous equations by Satoh et al. (2010a) . The coefficient p is the rate of attenuation due to geometric spreading. The p of 1.0 at periods shorter than 2 s means the geometric spreading for body waves. At periods longer than 2 s p ranges from 0.6 to 1.0 which suggests the contamination of both the geometric spreading and dispersive attenuations of surface waves. Figure 5 shows the attenuations of pseudo velocity response spectra pS V with M W 8.0 on the seismic bedrock using the previous and revised equations. The attenuation at 3 s by the revised equation is larger than that by the previous equation. The spectral level by the revised equation is larger than that by the previous equation at fault distances less than 50 km and smaller at distances greater than 50 km at 3 s. At greater distances the spectra for the Philippine Sea plate earthquake are slightly smaller than spectra for the Pacific plate earthquakes at 3 s. At 5 s the attenuation of the previous and revised equations are similar to each other. The difference of the attenuation of the previous and revised equations at 3 s is mainly caused by the difference of the coefficient d, which is Figure 6 shows the attenuations of pseudo velocity response spectra at 3 s of the 2009 Suruga bay earthquake and the 2003 Tokachi-oki earthquake. The Suraga bay earthquake is one of earthquakes added for the revised equation and the attenuation in the near fault region is small. Since the number of data of fault distance less than 50 km is small as shown in Figure 3 , the contribution of data in the near fault region of the 2009 Suruga bay earthquake is relatively large to the development of the revised equation. Figure 7 shows pseudo velocity response spectra scaling with M W at a fault distance of 100 km on the seismic bedrock by the previous and revised equations. The M W dependence by the revised equation is larger than that by the previous equation. In order to investigate the cause of the difference, the relation between M 0 and the short-period spectral level A of 31 earthquakes used for the revised equations is shown in Figure 8 . The A is the flat level of the acceleration source spectra estimated by the spectral inversion method (Kataoka et al. 2006; Satoh 2006 Satoh , 2009 Satoh , 2010b Satoh , 2012 . Outer-rise earthquakes off Kii peninsula (Seno 2005) (4) are shown. The larger the M W is, the larger the difference between the source spectra derived from the Eqs. (3) and (4) is. The coefficients a 1 and a 2 shown in Figure 4 reflect this M W dependence of Brune's stress drops.
In Figure 10 the contour maps of amplification factors 10 c at 5 s together with the locations of stations in the Kanto, Nobi, and Osaka basins. The contours are plotted by a space interpolation technique of GMT (Wessel and Smith 1998) . Figure 11 shows the relations of amplification factors 10 c and 10 cw at stations in the Kanto basin at 3, Satoh et al. (2011b) derived from data used for the previous equations. The bilinear regression relations were qualitatively interpreted by medium responses of surface waves calculated using the one-dimensional structure just beneath each station (Satoh et al. 2011b) . The 10 cw is larger than 10 c at 5 and 8 s at stations with Tz3.2 of about 3 s. The deviation of 10 cw from the bilinear relations suggests effects of three-dimensional structure. The contour maps of 10 c and 10 cw at 8 s are shown in Figure 13 . The area of large 10 cw is wider than that of 10 c . The standard error e in Figure 4 is larger than that for previous equations. The standard error e for previous equations was underestimated because the number of stations where only one earthquake was observed for data set of the previous equations is larger than that of the revised equations.
Revised equations for the average and variance of group delay time
The regression coefficients for the average  tgr (f) and variance  tgr Kanto basin. The Cw are larger than C at Tz3.2 of about 3 s. This feature is noticeable at 8 s and is similar to that of 10 cw and 10 c for response spectra. The revised equations represent the feature that the long-period ground motions for the Philippine Sea plate earthquakes are larger than those for the Pacific plate earthquakes in terms of both the amplitude and duration.
LONG-PERIOD GROUND MOTION SIMULATIONS
The long-period ground motion simulations are performed for the Tohoku earthquake, the foreshock on March 9, and the largest aftershock on March 11 using the previous and revised equations. The time history is generated to fit the acceleration response spectra by Eq.(1) using the phase spectra derived from  tgr (f) and  tgr 2 (f) by Eq.(2). The main target is long-period ground motions between 1 and 10 s which are equivalent to natural periods of super high-rise buildings and base-isolated buildings, because our final goal is the development of design input motions for these long-period buildings.
Source models
The source parameters of the foreshock and the aftershock are listed in Table 2 . The fault plane and M 0 of the foreshock were estimated by Japan Meteorological Agency (2011a). For the largest aftershock M 0 , strike angle, and dip angle were estimated by F-net. We assume the square fault plane with the area calculated from static stress drop of 3 MPa, which is the average value of shallow earthquakes in the world (Kanamori and Anderson 1975) and is applicable to interplate earthquakes (Kanamori and Brodsky 2004) . Central Disaster Prevention Council (2003) was also used 3 MPa for the three-connected source model of the Mw8.7 Tokai, Tonankai, and Nankai earthquake. We set the three-connected source model of the 2011 Tohoku earthquake based on the strong motion prediction recipe (Irikura et al. 2004 ; The Headquarters for Earthquake Research Promotion 2008) using the strong motion generation areas estimated by Satoh (2012) . The fault parameters are listed in Table 3 . Four strong motion generation areas and the rupture starting points together with three fault planes used in this study are shown in Figure 17 . The locations of six stations where the simulated ground motions are shown later and the contour maps of amplification factors 10 c at 3 s of the revised equation are also shown in this figure. We select the six stations where the 10 c and long-period ground motions during the Tohoku earthquake are relatively large.
In the strong ground motion prediction recipe, parameters of outer-faults are firstly set and then parameters of inner-faults, that is, asperities or strong motion generation areas are set. In this study parameters of outer-faults are estimated from the parameters of strong motion generation areas using the same relation used in the recipe. Since the third and the fourth strong motion generation areas denoted by blue and green dotted rectangles ruptured with the small delay time, we set one outer-fault, Fault-3 from the two strong motion generation areas. The Fault-1 is set from the first strong motion generation area denoted by red dotted rectangles and the Fault-2 is set from the second strong motion generation area denoted by black dotted rectangles. The rupture starting points and time of the Fault-1, -2, and -3 are set to be the same as those of the first, second, and third strong motion generation areas. Since the 
Faul-1
Fault-2
Fault-3 Table 3 Fault parameters of the main shock 
in which  a is the stress drop and S a is the area of each strong motion generation area. The square fault planes are basically assumed. However the maximum width is set to be 200 km based on source models assumed in the source inversions (e.g., Japan Meteorological Agency 2011a; Suzuki et al. 2011 ) and seismogenic zones. Each fault plane is arranged so that the center along the strike adjusts the rupture starting point and the deepest fault line adjusts the depth of 60 km. The strike and dip angles of three faults are 200 degree and 15 degree, respectively so as to be arranged on the same planes of strong motion generation areas. M 0 of each fault is calculated by Eq.(6) (Eshelby 1957) .
The M W for the Fault-2 by Eq. (6) is 8.8 which is beyond maximum M W of 8.2 of data set. When the long-period ground motions are calculated by Eqs. (1) and (2) using M W 8.8 for the Fault-2, simulations overestimate observed records. Therefore we calculate long-period ground motions by setting the M W saturation from 8.2 to 8.8 at an interval of 0.1. As a result the M W simulation of 8.4 is the best to simulate ground motions among them. Si et al. (2011) Figure 18 shows contour maps of the pseudo velocity response spectra pS V observed and simulated at 3 s for the foreshock and the largest aftershock. The contours are plotted by a space interpolation technique of GMT (Wessel and Smith 1998 ) using values at stations denoted by circles. The previous equations overestimate the observed but the revised equations reasonably agree well with the observed. Figure 19 shows contour maps of the pS V observed and simulated at 3 and 5 s for the Tohoku earthquake. Like the results for the foreshock and the largest aftershock, the previous equations overestimate the observed but the revised equations reasonably agree well with the observed. In order to clarify the difference of simulation results by the previous and revised equations, the contour maps of ratios of simulated pS V to observed pS V at 3 s are shown in Figure 20 . The ratios by the revised equations are between 1/1.5 and 1.5, which is nearly the same to 10 e at 3 s. On the other hand the ratios by the previous equations are larger than 1.0 at most stations and 3.0 at some stations. Figures 21 and 22 show the comparison of ground motions between observed and simulated by the revised equations. The pS V and velocity waveforms filtered in the period of 0.1 to 10 s at six stations are shown. The results at stations with effects of soil nonlinearity (e.g., Nagashima et al. 2012 ) are shown in Figure 22 and those at the other stations are shown in Figure 21 . The design spectrum on the engineering bedrock in the building standard law in Japan is also shown in these figures. PGAs of two horizontal components at TCGH16 (Haga) were about 1200 cm/s 2 and 800 cm/s 2 . PGAs of two horizontal components were at MYG006 (Furukawa) were about 440 cm/s 2 and 570 cm/s 2 . Since borehole records at a depth of 112 m were observed at TCGH16, we calculate the surface-to-borehole response spectral ratio H/H for the Tohoku earthquake and the average H/H for the earthquakes used for the revised equations. The simulated response spectra at TCGH16 are corrected using both H/H and horizontal-to-vertical spectral ratios H/V at the surface. The velocity waveform is generated using the phase spectra of simulated ground motions. Since there are no borehole records at MYG006, the simulated response spectra are corrected by H/V. Observed waveforms at MYG006 are mainly composed of two wave packets propagated from the Fault-1 and the Fault-2. Since the ground motions from the Fault-2 are larger than those from the Fault-1, the correction is performed to response spectra aftershock at SIT003 and TKY018 in Figure 24 . The observed spectra during the Tohoku earthquake shown in Figure 21 and the largest aftershock have similar level of about 20 cm/s at about 10 s. The difference of the fault distances from two earthquakes is small at both stations. In addition the M W is 7.8 for the largest aftershock and 8.1 for the Fault-3 of the Tohoku earthquake. These facts show that the Tohoku earthquake generate less long-period ground motions at about 10 s for M W . Figure 25 shows the amplification factors of the previous and revised equations at TKY018. The 10 cw is about two times of 10 c and the amplification factors of the previous equations are in between them. Since the spectral level on the seismic bedrock at periods longer than 5 s are almost the same for the Pacific plate earthquake and the Philippine Sea plate earthquakes as shown in Figures 4 and 5 , long-period ground motions at the ground surface for the Philippine Sea plate earthquakes are larger than those for the Pacific plate earthquake for the same M W and distance. This feature is reflected to the prediction of long-period ground motions in the Kanto basin for the mega-thrust earthquakes along the Nankai Trough.
CONCLUSIONS
In order to develop the design input motions for the super high-rise buildings and base-isolated buildings, we proposed a time-history prediction method of long-period ground motions, which consist of equations of acceleration spectra and phase spectra in our previous study . In this study we revise the equations and simulate the long-period ground motions of the 2011 M W 9.0 Tohoku earthquake, the M W 7.4 foreshock, and the M W 7.8 largest aftershock. Although the revised equations are applicable to ground motions at periods between 0.1 and 10 s, the main target in this study is long-period ground motions at periods between 1 and 10 s which are equivalent to natural periods of super high-rise buildings and base-isolated buildings. The results are summarized as follows. 1) The main feature of the revised equations a) Strong motion records of 52 subduction-zone earthquakes in Japan from 1996 to May 2011 are used. 19 earthquakes are added in this study to 33 earthquakes used for the previous equations. b) JMA95-type stations in the Kanto, Nobi, and Osaka basins and the Kogakuin University station in Tokyo are added in this study to K-NET, KiK-net, and JMA87-type stations in all Japan. c) M W 2 term is added to the revised equation of the response spectra. d) Different attenuation factors for the Pacific plate earthquakes and the Philippine Sea plate (a)SIT003(Kuki) (b)TKY018(Hachieda) Fig. 24 Comparison of pS V observed and simulated using the revised equation Fig. 25 By b) , since the recording time of the JMA 95-type stations and the Kogakuin University station is longer than that of K-NET, KiK-net stations, the M W and distance dependences of the duration in the revised equations are greater than that in the previous equations. By c), the revised equations can represent the M W dependence of Brune's stress drops. By d) and e), the differences between the Pacific plate earthquakes and the Philippine Sea plate earthquakes are represented in the revised equations. Amplifications are larger and the duration is longer for the Philippine Sea plate earthquakes than the Pacific plate earthquakes at stations with long natural periods of sediments in the Kanto basin. 2) Simulations of long-period ground motions
We set the three-connected source model of the 2011 Tohoku earthquake based on the strong motion prediction recipe using the strong motion generation areas. Since the source model with M W of 8.4, 8.8, and 8.1 based on the recipe overestimated the observed ground motions, we determine the M W saturation of 8.4 as the optimal value by simulating long-period ground motions by changing the M W saturation from 8.2 to 8.8.
For the foreshock and the largest aftershock the previous equations overestimate the observed ground motions but the revised equations reasonably agree well with observed. For the Tohoku earthquake even in the previous equations overestimate the observed ground motions at a period of about 10 s. The observed spectra at 10 s for the Tohoku earthquake and the M W 7.8 largest aftershock are comparable at stations with similar fault distances in the Kanto basin, although the M W of the nearest fault of the Tohoku earthquake is 8.1. These facts suggest that the Tohoku earthquake generate less long-period ground motions at about 10 s for M W .
As mentioned before, we showed the revised equations reasonably reproduce the long-period ground motions for the Tohoku earthquake, the foreshock, and the largest aftershock. For the mega-thrust-earthquakes along the Nankai Trough, the source model and the seismic intensity scale maps for the M W 9.0 hypothetical earthquake were open in public by Cabinet Office (2011) at the end of March 2011. In the near feature we will validate the revised equations by applying to historical mega-thrust-earthquakes along the Nankai Trough and then predict long-period ground motions for the M W 9.0 hypothetical earthquake. Since the number of data near fault regions is small, it is necessary to investigate the applicability to the prediction of long-period ground motions for Tokyo metropolitan earthquakes along the Sagami Trough such as the 1923 Great Kanto earthquake.
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